Abstract. We investigate an effective relativistic equation of state at finite values of temperature and baryon chemical potential with the inclusion of the full octet of baryons, the ∆-isobars and the lightest pseudoscalar and vector meson degrees of freedom. These last particles have been introduced within a phenomenological approach by taking into account of an effective chemical potential and mass depending on the self-consistent interaction between baryons. In this framework, we study of the hadron yield ratios measured in central heavy ion collisions over a broad energy range and present the beam energy dependence of underlying dynamic quantities like the net baryon density and the energy density.
Introduction
High energy heavy ion collisions provide a unique opportunity to explore in laboratory the behavior of hot and dense nuclear matter. Comparing the experimental data with different theoretical models, such as, for example, fluiddynamical models, it is possible to study fundamental aspects of nuclear and hadron physics at different regimes of temperature and density [1, 2] . This demands a detailed knowledge of the bulk thermodynamics and the equation of state (EOS) of strongly-interacting matter.
The statistical thermal model has turned out to be very successful in describing particle abundances produced in relativistic heavy ion collisions [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] . An analysis of the energy dependence of the thermal parameters, temperature and baryon chemical potential, extracted from the fits with the experimental data, establishes essential properties of the hot and dense fireball produced at the freeze-out evolution stage, when inelastic collisions cease. Both temperature and baryon chemical potential exhibit a monotonic variation with the beam energy. As the collision energy is increased, there is an increase of the chemical freeze-out temperature and a corresponding decrease of the baryon chemical potential. The number of baryons becomes close to anti-baryons and meson degrees of freedom become increasingly important with a clear passage from a baryon-dominant regime to a mesondominant one [14] . In this context, it is relevant to observe that, since the noninteracting gas model neglects any kind of possible in-medium modifications, to take phenomenologically into account of the interaction between hadrons at finite densities, finite size corrections have been considered in the excluded volume approximation, in the same spirit as in a Van der Waals gas [15, 16, 17] .
From a more microscopic point of view, Walecka-type relativistic mean-field (RMF) models have been widely successfully used for describing the properties of finite nuclei as well as dense and finite temperature nuclear matter [18, 19, 20, 21, 22, 23, 24, 25] . It is relevant to point out that such RMF models usually do not respect chiral symmetry. Furthermore, the repulsive vector field is proportional to the net baryon density, therefore, standard RMF models do not appear, in principle, fully appropriate for the very low density and high temperature regime. In this context, let us observe that a phenomenological RMF model has been recently proposed in order to calculate the EOS of hadronic matter in a broad density-temperature region by considering masses and coupling constants depending on the σ-meson field [26] . In that approach, motivated by the Brown-Rho scaling hypothesis, a non chiral symmetric model simulates a chiral symmetry restoration with a temperature increase. On the other hand, relativistic chiral SU(3) models have also been developed to take into account particle ratios at RHIC and baryon resonances impact on the chiral phase transition [27, 28] . Such models include meson-meson and meson-baryon interactions with a consequent effective masses for all hadrons, giving a higher kinetic energy which mimics an additional repulsion among the particles. In addition, it is relevant to observe that a fit of the particle production yield ratios measured at RHIC has also been studied in the framework of a RMF model with the introduction of a phenomenological meson (repulsive) interaction corresponding to a fixed ratio m to shed light on the nature of baryon-meson and mesonmeson in-medium interaction at different conditions of temperature and density and, hopefully, yield information about possible phase transition phenomena.
In Ref. [30] , an effective hadronic EOS has been studied by requiring the global conservation of baryon number, electric charge fraction and zero net strangeness in the range of finite temperature and density. The study has been carried out by means of an effective RMF model with the inclusion of the octet of the lightest baryons, the ∆-isobar degrees of freedom and the lightest pseudoscalar and vector mesons. These last particles have been considered in the so-called one-body contribution, taking into account their effective chemical potentials depending on the self-consistent interaction between baryons. In this context, we have studied the influence of the ∆-isobar degrees of freedom and, in connection, the behavior of different particle-antiparticle ratios and strangeness production.
In this paper we are going to include in a phenomenological way the contribution of the mean field interaction in the effective (in-medium) meson masses in order to study the hadron production yield ratios and compare our results with the experimental central nucleusnucleus collisions, from AGS to RHIC, in the energy range √ s N N = 2.7 ÷ 200 GeV.
The effective relativistic mean field model
The total Lagrangian density L can be written as
where L octet stands for the full octet of the lightest baryons (p, n, Λ, Σ
interacting with σ, ω, ρ meson fields; L ∆ corresponds to the degrees of freedom for the ∆-isobars (∆ ++ , ∆ + , ∆ 0 , ∆ − ) and L qpm is related to a quasi-particle gas of the lightest pseudoscalar and vector mesons with effective chemical potentials and masses (see below for details).
The Lagrangian for the self-interacting octet of baryons can be written as [18, 19, 20] 
where the sum runs over the full octet of baryons, M k is the vacuum baryon mass of index k, the quantity t denotes the isospin operator that acts on the baryon. In the regime of finite values of temperature and density, a state of high density resonance matter may be formed and the ∆(1232)-isobar degrees of freedom are expected to play a central role [31] . In particular, the formation of resonances contributes essentially to enhanced strangeness, baryon stopping and hadronic flow effects [32] . Transport model calculations and experimental results indicate that an excited state of baryonic matter is dominated by the ∆-resonance at the energy from AGS to RHIC [33, 34, 35, 36, 37, 38] . To incorporate ∆-isobars in the framework of effective hadron field theories, a formalism was developed to treat ∆ analogously to the nucleon, taking only the on-shell ∆s into account and the mass of the ∆s are substituted by the effective one in the RMF approximation [39, 40] .
The Lagrangian density concerning the ∆-isobars can then be expressed as [40, 41, 42] 
where ψ ν ∆ is the Rarita-Schwinger spinor for the ∆-baryon. Due to the uncertainty on the meson-∆ coupling constants, we limit ourselves to consider only the coupling with σ (g σ∆ ) and ω (g ω∆ ) meson fields, more of which are explored in the literature [41, 42, 43] .
In the RMF approach, baryons are considered as Dirac quasiparticles moving in classical meson fields and the field operators are replaced by their expectation values. In this context, it is relevant to remember that the RMF model does not respect chiral symmetry and the contribution coming from the Dirac-sea and the quantum fluctuation of the meson fields are neglected. As a consequence, the field equations in RMF approximation have the following form
where γ i = 2J i + 1 is the degeneracy spin factor of the i-th baryon (γ octet = 2 for the baryon octet and γ ∆ = 4) and f i (k) and f i (k) are the fermion particle and antiparticle distributions
The effective chemical potentials µ * i are given in terms of the chemical potentials µ i by means of the following relation
where t 3i is the third component of the isospin of i-th baryon. The baryon effective energy is defined as E *
Because we are going to describe the nuclear EOS at finite temperature and density with respect to strong interaction, we have to require the conservation of three "charges": baryon number (B), electric charge (C) and strangeness number (S). Each conserved charge has a conjugated chemical potential and the system is described by three independent chemical potentials: µ B , µ C and µ S . Therefore, the chemical potential of particle of index i can be written as
where b i , c i and s i are, respectively, the baryon, the electric charge and the strangeness quantum numbers of i-th hadronic species. The thermodynamical quantities can be obtained from the grand potential Ω B in the standard way. More explicitly, the baryon pressure P B = −Ω B /V and the energy density ǫ B can be written as
The baryon couplings
The numerical evaluation of the above quantities can be performed if the meson-nucleon, -∆ and -hyperon coupling constants are known. Concerning the nucleon coupling constants (g σN , g ωN , g ρN ), they are determined to reproduce the bulk properties of equilibrium nuclear matter such as the saturation densities, the binding energy, the symmetric energy coefficient, the compression modulus and the effective Dirac mass at saturation. Because of a valuable range of uncertainty in the empirical values that must be fitted, especially for the compression modulus and for the effective Dirac mass, in literature there are different sets of coupling constants. In this investigation we consider two different parameter sets: the set marked TM1, from Ref. [44] , and GM3, from Glendenning and Moszkowski [45] . The above EOSs are compatible with intermediate heavy ion collisions constraints and extensively used in various high density astrophysical applications [30, 46, 47, 48, 49, 50, 51, 52] . In this context let us observe that in Ref. [30] also the NLρδ EOS was considered. This last parameter set contains in addition the δ-isovector-scalar meson-baryon couplings and have not been considered here because the GM3 and NLρδ EOS have comparable behaviors, due to similar values of the compression modulus and the effective nucleon mass [30, 44, 45] . Moreover, δ-meson should have a minor role in the analysis of the hadronic freeze-out yield ratios, with lower baryon density involved and approximately constant electric charge fraction.
As regards the implementation of hyperon degrees of freedom, they come from determination of the corresponding meson-hyperon coupling constants that have been fitted to hypernuclear properties [53] . The adopted coupling constants and the vacuum masses are the same as in Ref. [30] .
Concerning the formation of ∆-isobar matter at finite temperature and density, it has been predicted that a phase transition from nucleonic matter to ∆-excited nuclear matter can take place and the occurrence of this transition sensibly depends on the ∆-meson fields coupling constants [41] . Referring to QCD finite-density sum rule results, which predict that there is a larger net attraction for a ∆-isobar than for a nucleon in the nuclear medium [43] , the range of values for the ∆ coupling constants has been confined within a triangle relation [42] . Therefore, in setting the following coupling ratios:
we have to require that i) the second minimum of the energy per baryon lies above the saturation energy of normal nuclear matter, i.e., in the mixed ∆-nucleon phase only a metastable state can occur; ii) there are no ∆-isobars present at the saturation density; iii) the scalar field is more (equal) attractive and the vector potential is less (equal) repulsive for ∆s than for nucleons, in accordance with QCD finite-density calculations [43] . Of course, the choice of couplings that satisfies the above conditions is not unique but there exists a finite range of possible values (represented as a triangle region in the plane x σ∆ -x ω∆ ) which depends on the particular EOS under consideration [30, 42] . Without loss of generality, we can limit our investigation to move only in a side of such a triangle region by fixing x ω∆ = 1 and varying x σ∆ from unity to a maximum value compatible with the conditions mentioned above. Comparable conclusions are obtained with any other compatible choice of the two coupling ratios (see Ref. [30] for a more detailed discussion about the value of the ∆-couplings and the formation of ∆ metastable matter for different EOSs). In this investigation, we fix the scalar coupling ratio to the value x σ∆ =1.25 in the TM1 and x σ∆ =1.40 in the GM3 parameter set, for which the ∆ metastable condition is not realized. In addition, we consider the case of x σ∆ =1.33 in the TM1 and x σ∆ =1.50 in the GM3 parameter set, corresponding to the maximum value in which ∆ metastable state can be realized [30] . Therefore, we consider two very different scenarios (not metastable and metastable ∆-matter) for the two different parameter sets (note that, when a metastable state is not realized, decays rate are not taken into account in this approach).
Meson degrees of freedom and chemical equilibrium
It is well known that the lightest pseudoscalar and vector mesons play a crucial role in the EOS, especially at low baryon density and high temperature. On the other hand, the contribution of the π mesons (and other pseudoscalar and pseudovector fields) vanishes at the mean-field level.
From a phenomenological point of view, we can take into account the meson particle degrees of freedom by adding their one-body contribution to the thermodynamical potential, that is, the contribution of a quasi-particle Bose gas with an effective chemical potential µ * j and an effective mass m * j for the j-meson, which contain the self-consistent interaction of the meson fields (see next subsections for details). Following this working hypothesis, we can evaluate the pressure P M , the energy density ǫ M and the particle density ρ M j of mesons as
where γ j = 2J j +1 is the degeneracy spin factor of the j-th meson (γ = 1 for pseudoscalar mesons and γ = 3 for vector mesons), the sum runs over the lightest pseudoscalar mesons (π, K, η, η ′ ) and the lightest vector mesons (ρ, ω, K * , φ), considering the contribution of particle and antiparticle separately. In Eqs. (19)- (21) the function g j (k) is the boson particle distribution given by
where
The corresponding antiparticle distribution will be obtained with the substitution µ * j → −µ * j . Moreover, the boson integrals are subjected to the constraint |µ * j | ≤ m * j , otherwise Bose condensation becomes possible. We have verified that such a condition is never realized in the considered range of temperature and density.
All the aforementioned equations must be evaluated self-consistently fulfilling the chemical equilibrium and by imposing the constraints of baryon number, electric charge and strangeness. Therefore, at a given temperature T , baryon density ρ B , net electric charge fraction Z/A (ρ C = Z/A ρ B ) and zero net strangeness of the system (ρ S = 0), the chemical potentials µ B , µ C and µ S are univocally determined by the following equations
where the sums run over all considered particles (baryons and mesons). Finally, the total pressure and energy density will be
Effective meson chemical potentials
Following Refs. [30, 54, 55] , the values of the effective meson chemical potentials µ * j are obtained from the "bare" ones µ j , given in Eq. (15) , and subsequently expressed in terms of the corresponding effective baryon chemical potentials, respecting the strong interaction. For example, we have from Eq.(15) that µ π + = µ ρ + = µ C ≡ µ p − µ n and the corresponding effective chemical potential can be written as
where the last equivalence follows from Eq. (14) . Analogously, by setting x ωΛ = g ωΛ /g ωN , we have
while the others strangeless neutral mesons have a vanishing chemical potential.
Effective meson masses
Besides the chemical potentials, the mean field interaction also affects the values of the effective meson masses. Here, we are going to introduce an analogue phenomenological approach to that used for the particle chemical potentials in order to include, at different values of temperature and baryon density, the in-medium interaction in the effective meson masses. As well as the effective meson chemical potentials have been obtained from a difference between the effective baryon chemical potentials, so we postulate that the meson effective masses can be expressed as a difference between the effective baryon masses respecting the strong interaction and the main processes of meson production/absorption involving different baryons. More explicitly, concerning pions, being the ∆-isobar state one of the most prominent feature of πN dynamics, the main process involving different baryons can be identified with the ∆ ↔ πN one. Hence, from a phenomenological point of view, we can postulate the variation of the effective pion mass m * π , with respect to the vacuum one m π , in terms of the variation between the ∆ and nucleon effective masses, with respect to their vacuum ones. With this assumption, we can write the effective pion mass as
Because we set x σ∆ > 1, the above equation requires a reduction of the effective pion mass and such a reduction depends on the value of the σ meson field related to the self-consistent interaction between hadrons. Let us remark that Eq.(31) does not imply that the production/aborption of pions is due to the formation of ∆-particles but rather that the self-consistent mean field interaction is phenomenologically related to the difference g σ∆ − g σN between the ∆ and the nucleon σ-field couplings.
In this context, it is proper to observe that chiral model calculations predict an enhancement of the effective pion mass at RHIC energies [27] . On the other hand, the inmedium pion dispersion relation in a relativistic quantum transport theory implies a smaller effective pion mass in cold and dense nuclear matter [56] .
Let us further outline that from deeply bound pionic states in nuclei and π-atoms, for symmetric nuclear matter at zero temperature and at the saturation nuclear density, different investigations indicate that the effective pion mass results to be very close to the free one [57, 58, 59] . From Eq.(31), this implies x σ∆ ≈ 1 at T = 0 and ρ B = ρ 0 . In principle, such a condition could be accomplished by introducing an in-medium dependence of the ∆-meson coupling constant as considered, for example, in Ref. [56] . On the other hand, to study the nuclear EOS in the full range of temperature and density is far beyond the scope of this investigation. Because we are mainly interested in a phenomenological analysis at finite temperatures reachable in high energy heavy ion collisions, far from the saturation nuclear matter regime, in order to avoid further degrees of freedom, we will limit ourselves to considering a fixed value of the x σ∆ coupling.
Following the above scheme, we are able to define in a similar manner all the other effective meson masses. Concerning the other strangeless mesons, from the point of view of the effective mean field interaction, they can be considered as correlated states of pions in the nuclear medium having the corresponding dependence of the effective meson masses. For example, for the ρ meson, we can assume the process: ρ ↔ 2 π and for the ω meson: ω ↔ 3 π. Therefore, we have, respectively,
where we have used the result given in Eq.(31).
On the other hand, because the η meson is not allowed to strongly decay into pions, for η and η ′ mesons we limit to consider their respective vacuum masses.
Considering the strong interaction only, the effective kaon masses will be related to the difference of the effective hyperon and nucleon masses mainly by means of two different channels [60] 1 : the associate production/absorption due to pion conversion modes on a single nucleon
the channel due to non-pionic modes on two nucleons
and any conjugate process involving the same type of particle/antiparticle 2 . In the literature there is uncertainty about which of the above two channels is dominant in a nuclear medium at different values of temperature and density [63] . Taking into account that we are going to study the EOS in regime of warm or hot nuclear matter, where mesons become dominant on the baryon degrees of freedom, for simplicity in the following we will limit our considerations to the first channel only.
As before, the guiding phenomenological principle that we follow in the determination of the effective mass of kaons (antikaons) is related to the different σ field interaction between the different baryons involved into the production/absoption process. Considering the processes indicated in Eq.(34), kaons are always related to the presence of hyperons, therefore, being the scalar σ field less attractive for hyperons than for nucleons (x σY = g σY /g σN < 1) [30] , we can postulate an increase in the effective kaon mass m * K . Following the above criterion, we can set the kaon effective mass as follows
1 Of course there are other important channels in the kaon production/absorption process, such as, for example, ππ ↔ KK. However, because this last one does not involve different baryon particles, cannot be considered in our phenomenological scheme related to the determination of the effective meson masses. On the other hand, kaon photo-or electro-production cannot be taken into account in our EOS.
2 It is proper to observe that in this approach we are not taking into account the asymmetry between particle and antiparticle effective meson masses, neglecting, for example, possible repulsive potential for kaons and attractive for antikaons, especially relevant in a low temperature regime [61, 62] .
where we have taken the average contribution between the first two modes of Eq.(34), neglecting the last one involving multistrange production/absorption and we have used Eq.(31) for the effective pion mass.
Moreover, concerning the effective mean field interaction, K * meson can be viewed as a strongly correlated state of K and π (K * ↔ Kπ) and its effective mass will be expressed as
where we have made explicit the effective pion and kaon masses given in eqs. (31) and (36), respectively. Finally, according to the Zweig rule, φ meson decays mainly into two kaons (φ ↔ 2 K), therefore, its effective mass can be written as follows
where we have used the effective kaon mass given in Eq. (36) . Summarizing, in this subsection we have postulated the meson effective masses as a difference between the effective masses of different baryons involved in the meson production/absorption strong processes. The correction to the vacuum masses is driven by the σ-meson field obtained self-consistently at different values of temperature and baryon density. In this scheme, the meson effective mass m * j of species j results to be reduced (attractive interaction) or enhanced (repulsive interaction) depending if the coupling g σB with the heavier baryon involved is greater (as in the case of π, ρ and ω mesons) or lower (as in the case of K, K * and φ mesons) than the nucleon one (g σN ). Although the above new phenomenological assumption introduced in this paper has a certain degree of arbitrariness, it has the evident advantage of not introducing additional parameters/couplings and, as we will see in the next section, will play a crucial role in the determination of the particle ratios at different energy range
Hadron yield ratios for central nucleus-nucleus collisions
In this Section, we are going to compare the hadronic ratios, obtained in the framework of the effective EOS, with the yield ratios measured in central high energy heavy ion collisions from AGS to RHIC energy range. At this scope, as in statistical thermal models, we consider the temperature and the baryon chemical potential as free parameters of the hadronic EOS (we do not consider proper volume corrections and strangeness suppression factor) and we adjust them by fitting the data minimizing the χ 2 distribution [4, 8, 9] 
where R exp i is the measure of the ith ratio yields with its relative uncertainty σ i (sum in quadrature of statistical and systematic experimental errors) and R eos i is the corresponding value obtained from the effective hadronic EOS.
It is obvious that the chemical freeze-out cannot correctly be described as a mixture of the lightest baryons and mesons considered in the above EOS without properly considering decays, rescattering, annihilation effects and, eventually, nonequilibrium processes. Furthermore, in the considered EOS the particles are off-shell (with an effective mass) and, in the determination of the hadronic ratios, the effects of any mechanism to bring them on-shell are not taken into account [36] . Therefore, the obtained temperatures and baryon chemical potentials cannot properly be considered as the freeze-out parameters. However, as in Refs. [27, 29] , such a fitting procedure can give interesting indications on the nature of the in-medium nuclear interaction at finite temperature and density regime.
Taking into account the above observations, we limit ourselves to study only hadron yield ratios (therefore the enclosed volume of the system plays no role in the analysis) and, for simplicity, to consider a limited set of experimental ratios. In order to make such a choice as little as possible arbitrary, we include in the fit, for SPS and RHIC data, the same five independent yield ratios considered in the recent data analysis of Refs. [64, 65] :
− and, at the AGS energies, we choose the most similar set of data (see Fig. 1 ) on the basis of the experimental ratios considered in Ref. [4] . Therefore, except in the case of beam energy √ s N N = 130 GeV (see below for details), we refer to [4] and references therein for the AGS and SPS midrapidity data and to [64] for the RHIC midrapidity data. In the central Au-Au collisions at AGS and RHIC, the electric charge fraction has been fixed to Z/A = 0.401, while in the SPS Pb-Pb collisions Z/A = 0.394. As already stated, we require a zero net strangeness at all energies, therefore, at this stage the analysis does not consider the possible presence of a nonvanishing net strangeness at midrapidity [66] .
The comparisons between the measured and calculated ratios for the best fit are reported in Figs. 1, 2 and 3 for the AGS, SPS and RHIC beam energies, respectively (for clarity, in the figures we report only the results with x σ∆ = 1.33 for the TM1 parameter set and with x σ∆ = 1.40 for the GM3 set).
In Table 1 , for the TM1 parameter set, and in Table  2 , for the GM3 parameter set, we summarize the complete results for the best fits reporting, for any considered beam energy, the obtained free parameters T and µ B with the corresponding χ cle ratios and experimental data considered in Refs. [3, 27] (N dof = 7), and analyzed in Ref. [29] within an analogue relativistic mean field model but with a constant (free parameter) effective meson mass ratio (m * i /m i = 1.3). In Tables 1 and 2 , for both EOSs, we have reported the results for two different values of x σ∆ . As discussed in the previous Section, the lower values (x σ∆ = 1.25 for TM1 and x σ∆ = 1.40 for GM3) correspond to the case of not metastable ∆-matter and, the upper values (x σ∆ = 1.33 for TM1 and x σ∆ = 1.50 for GM3) to the maximum couplings in which the metastable state can be realized in each EOS. In order to make a comparison between the two EOSs, we choose therefore two different couplings which correspond to a comparable situation for what concern the formation of ∆-matter.
As expected the obtained values of χ On the other hand, we can see that the introduction of the effective meson masses play a crucial role with results in very good agreement for both EOSs. It is interesting to observe that, for both EOSs, there is a better agreement with the lower values of the coupling ratio x σ∆ at AGS energies, comparable values of χ 2 dof with the lower and the higher values of x σ∆ at SPS energies and a better agreement with the higher values of x σ∆ at RHIC energies. This behavior is principally due to the fact that at high temperature and low baryon chemical potential the effective interaction is driven by the finite value of the σ-meson field, which significantly affects the value of the effective meson masses. This effect appears to be enhanced at higher values of x σ∆ and reflects the fact that the ∆-isobars dynamics results to be strongly influenced by the nuclear medium [58] . On the other hand, a higher value of x σ∆ at higher beam energies could be interpreted as a phenomenological consequence of the increasing relevance of resonance matter in regime of high temperatures and low baryon chemical potentials [31] . Table 1 . Summary of the results of the fits using the particle ratios extracted from Refs. [4, 64] (see text for details) for the TM1 parameter set. For comparison, in the round brackets are reported the respective values obtained without effective meson chemical potentials and masses (free gas of mesons). In the square brackets are given the values of χ 2 dof obtained with effective meson chemical potentials only (no effective masses). In the last line, the asterisk means that the fits are related to the same nine particle ratios and experimental data considered in Refs. [3, 27, 29] . Table 2 . The same of Table 1 for the GM3 parameter set. From Tables 1 and 2 , the energy dependence of the two free parameters, µ B and T , exhibits a monotonic dependence on the collision energy and appears very similar to the statistical thermal model results where µ B decreases all the way up to RHIC energies, while T rises rather sharply up to the lower SPS energies, √ s N N ≈ 10 GeV, and reaches afterwards almost constant values at RHIC energies.
Using the obtained values of µ B and T at different beam energies, by means the EOS, it is possible to obtain other relevant thermodynamic variables. In particular, it appears very interesting to find out the behavior of underlying dynamic quantities, such as the net baryon density ρ B and the energy density ǫ, which are of more direct relevance to the collision dynamics respect to µ B and T , because they are subject to corresponding conservation laws [67] .
In order to avoid parametrization on the energy dependence of baryon chemical potential and temperature (since small uncertainties in µ B and T can lead to significant variation in ρ B and ǫ or smooth out possible sharp variations in the EOS), in Fig. 4 , for the two EOSs, the net baryon density ρ B (upper panel) and the energy density ǫ (lower panel) are reported for different beam energies, corresponding to the values µ B and T of Tables 1 and 2 . The lines are strictly there to help guide the eye.
First, we observe that, at fixed beam energy, with comparable values of the baryon chemical potential, greater values of baryon density and energy density are reached for the GM3 parameter set compared to the TM1 one. This aspect is principally due to a sensibly different value of the compression modulus K for the two parameter sets. In agreement with statistical thermal model predictions [67] , for both EOSs, not only the net baryon density but also the energy density exhibits a non-monotonic dependence on the collision energy. The baryon density has an absolute maximum at about √ s N N ≈ 4 GeV (which corresponds approximately to µ B ≈ 570 ÷ 590 MeV, depending on the parameter set) and at higher energies it decreases as a result of nuclear transparency. On the other hand, the energy density has a relative maximum at about the same beam energy. Both maximums tend to become less pronounced or to disappear by increasing the value of x σ∆ . Such non-monotonic trends appear to be emphasized in the ρ B − ǫ plane, reported in Fig. 5 , with a sudden variation in the EOS, especially for lower value of x σ∆ . These abrupt changes in the EOS (which would become more smoothed with a parametrization on the energy dependence of µ B and T ) may be relevant in the planning of future compressed baryonic matter experiments [68, 69, 70] . 
Conclusion
It is well known that mesons play a crucial role in the hadronic EOS especially in the regime of low baryon density and high temperature. Such particles are strongly interacting in the environment with the other particles. In this paper, we have studied an effective relativistic mean field model with the inclusion of the full octet of baryons, the ∆-isobars and the lightest pseudoscalar and vector mesons, by requiring the global conservation of baryon number, electric charge fraction and zero net strangeness. The meson degrees of freedom have been incorporated in the EOS as a quasi-particle Bose gas with an effective meson chemical potential µ * and an effective mass m * expressed in terms of the σ, ω, ρ meson fields, responsible for the self-consistent mean field interaction.
The effective meson chemical potentials have been obtained from a difference between the effective baryon chemical potentials respecting the Gibbs conditions. In analogy, the effective meson masses have been expressed as a difference of the effective baryon masses respecting the strong interaction and on the basis of the main processes of the meson production/absorption involving different baryons. Such a phenomenological assumption implies a recipe in which the vacuum meson masses are reduced (enhanced) if the ratio x σB = g σB /g σN , between the σ-meson field coupling with the heavier baryon (∆ or hyperon particles involved in the meson production/absorption) and the nucleon one, is greater (lower) than one. A variation of the effective meson masses in-medium simulates in our simple scheme the relevance of meson-meson and meson-baryon self-interaction in the nuclear medium at finite temperatures and baryon densities. Although the above assumptions have a very simple phenomenological nature, which cannot be extrapolated to any range of temperature and density, they have the noticeable advantage of not introducing additional parameters or couplings.
In this framework the hadron yield ratios have been studied and compared with the experimental ratios measured in central heavy ion collisions from AGS to RHIC energy range. Whenever possible, the same set of indepen-dent yield ratios adopted in Refs. [64, 65] has been considered in the fitting procedure, in which temperature and baryon chemical potential are free parameters of the EOS. The results appear to be in very good overall accordance with the experimental ratios for the both used parameter sets (TM1 and GM3). We have found that the presence of ∆-isobar degrees of freedom play a crucial role in our scheme, in particular we have seen that a better agreement with the experimental data can be reached with lower values of the coupling ratio x σ∆ (corresponding to a not metastable ∆-isobar state) at lower beam energies and with higher values of x σ∆ (corresponding to the formation of a ∆-isobar metastable state) at higher beam energies. From a phenomenological point of view, the coupling ratio x σ∆ could be interpreted as a parameter which takes into account in an effective manner the formation of resonance states, very relevant in regime of high temperatures and low baryon chemical potentials. Finally, we have seen that for both considered EOSs, in correspondence of the values of T and µ B extracted from the experimental data, the net baryon density and the energy density have a nonmonotonic behavior with a maximum at a fixed value of the collision energy.
It is proper to remember that the values of temperature and baryon chemical potential, obtained from the fitting procedure with the experimental data, cannot properly be considered as the freeze-out parameters without taking into account particle decays, rescattering and annihilation effects. On the other hand, a correct reproduction of all particle production yields lies outside the scope of this paper. The main purpose of such a phenomenological comparison with experimental data is to provide useful indications about the relevance of the meson-baryon and meson-meson interaction in regime of finite values of temperature and baryon chemical potential where meson degrees of freedom become progressively more important.
